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The compositional dependence of a glass-forming ability (GFA) was systematically studied in a binary alloy series Cu100xZrx
(x ¼ 34, 36, 38.2, 40 at.%) by the copper mold casting method. Our results show the critical casting thickness jumps from below
0.5 mm to above 2 mm when x changes from 34 to 36 while further increase in x reduces the critical casting thickness. The best glass
former Cu64Zr36 does not correspond to either the largest undercooled liquid region (DT ¼ Tx1  Tg, where Tg is the glass transition
temperature, and Tx1 is the onset temperature of the first crystallization event upon heating) or the highest reduced glass transition
temperature (Trg ¼ Tg=Tl, where Tl is the liquidus temperature). Properties of bulk amorphous Cu64Zr36 were measured, yielding a
Tg  787 K, Trg  0:64, DT  46 K, Hv (Vicker’s Hardness) 742 kg/mm2, Young’s Modulus 92.3 GPa, compressive fracture
strength 2 GPa and compressive strain before failure 2.2%.
 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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The early works (e.g. [1–3]) in the field of metallic
glass were mainly devoted to binary alloys. Due to the
simplicity of their chemical compositions, these alloys
generally have very high critical cooling rates (typically
larger than 104 K/s) required to bypass crystallization
upon cooling from their liquid states. Since the cooling
rate roughly scales with the inverse square of sample
thickness (dT=dt / thickness2), the casting thickness
of these alloys has to be very small (micron scale, or less)
in order to acquire sufficiently high cooling rates. For
this reason, binary alloys have been considered as very
thin glass formers. In the 1990s, the discovery of several* Corresponding author. Present Address: The California Institute of
Technology, Department of Materials Science, 1200 E. California
Blvd., Pasadena 91125, USA. Tel.: +1-626-395-3571; fax: +1-626-795-
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doi:10.1016/j.actamat.2004.02.009multi-component metallic glasses with extremely good
glass forming abilities (GFA) [4–7] brought a whole new
concept to this field and greatly widened the applica-
tions of metallic glass. The success of making these bulk
samples was primarily attributed to the great complexity
of their chemical compositions. This compositional
complexity makes it extremely difficult for the different
atoms to rearrange their spatial positions so that they
are frozen directly into a disordered glassy structure
upon cooling. As such, having at least three elements
has been proposed as an empirical rule for the formation
of bulk metallic glass [8] (BMG, typically referred to a
critical casting thickness larger than 1 mm). There has
then appeared a gap between traditional binary thin
glasses and contemporary multi-component BMGs. It
would be of special scientific interests if one can find a
binary alloy that can be a bulk glass former. Such a
‘binary bulk metallic glass’ would be an excellent subject
for theoretical studies on the fundamental problem
of glass formation, since it possesses both the simplicityll rights reserved.
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multi-component alloys. From an engineering point of
view, such a binary bulk metallic glass might provide
important guidance to the search for extremely good
GFA and might improve the current alloy developing
efficiency considerably.
Amongst the many binary alloy systems, Ni–Nb and
Cu–Zr have been known for their relative ease of glass
formation. However, there have not been any reported
systematic studies on the mold casting of these two
systems. According to a recent paper by Inoue and
Zhang [9], ‘‘it is well known that no bulk glassy alloy is
formed in Cu–Zr binary alloys by the copper mold
casting method’’. In the current work we found that
bulk metallic glass indeed forms in the alloy series
Cu100xZrx (x ¼ 34, 36, 38.2, 40 at.%) and that the glass
forming ability has a pronounced dependence on the
alloy composition. The critical casting thickness jumps
from below 0.5 mm to above 2 mm when x changes from
34 to 36 while further increase in x reduces the critical
casting thickness. The best glass former Cu64Zr36 does
not correspond to either the largest undercooled liquid
region (defined by DT ¼ Tx1  Tg, where Tg is the glass
transition temperature, and Tx1 is the onset temperature
of the first crystallization event upon heating) or the
highest reduced glass transition temperature (defined
by Trg ¼ Tg=Tl, where Tl is the liquidus temperature).
Thermal analyses were performed on all the samples.
Mechanical properties of the bulk amorphous Cu64Zr36
were measured. This binary bulk metallic glass has a
Tg  787 K, Trg  0:64, DT  46 K, Hv (Vicker’s Hard-
ness) 742 kg/mm2, Young’s Modulus 92.3 GPa,
compressive fracture strength 2 GPa and compressive

















Fig. 1. X-ray diffraction patterns taken from the cross sections of the
2 mm thick cast strips of Cu100xZrx (x ¼ 34, 36, 38.2, 40 at.%) with a
Bruker AXS diffractometer using Cu-Ka source.2. Experiments
The alloy ingots of nominal compositions Cu100xZrx
(x ¼ 34, 36, 38.2, 40 at.%) were prepared by arc melting
mixtures of ultrasonically cleansed Zr (crystal bar) and
Cu pieces having a purity of 99.5 at.% and 99.99+ at.%,
respectively. The arc melting was performed in a Ti-
gettered high purity Argon atmosphere. Each ingot was
re-melted at least three times in the arc melter in order to
obtain chemical homogeneity. The ingots were then cast
into 2 and 0.5 mm thick strips (or 2 mm diameter rods
for mechanical tests) by copper mold method as detailed
in [10]. For a comparison, a very thin sample of
Cu64Zr36 with a thickness 60 lm was also prepared
using an Edmund Buhler D-7400 splat quencher. Both
the thin sample and the transverse cross sections of the
bulk samples were analyzed with an X-ray diffractome-
ter (Bruker AXS) using Cu-Ka source. The amorphous
structure of the 2 mm thick Cu64Zr36 cast strip was
further confirmed by transmission electron microscopy(TEM) analysis performed on its cross section. The glass
transition and crystallization behaviors of all samples
were examined with a differential scanning calorimeter
(Perkin–Elmer DSC 7) at a heating rate of 0.33 K/s.
Vicker’s hardness of Cu64Zr36 was measured on the
2 mm thick cast strip using a Leitz microhardness tester.
Cylindrical rods (2 mm (diameter) 4 mm (height))
were used to measure compressive mechanical properties
of bulk amorphous Cu64Zr36 on Instron testing machine
at a strain rate of 4 104 s1. Prior to the compres-
sion test, both the top and the bottom of each specimen
were examined with X-ray to make sure the casting was
successful and that no crystallization due to unexpected
factors occurred.3. Results and discussions
3.1. X-ray diffraction
Fig. 1 shows the X-ray diffraction patterns taken
from the cross sections of the 2 mm thick cast strips of
all the alloys. One can see clearly that the Cu64Zr36 strip
gives only a series of diffuse maxima while the other
three alloys all exhibit apparent crystalline Bragg peaks,
indicating the 2 mm Cu64Zr36 strip is fully amor-
phous while the other 2 mm strips are all significantly
crystallized.
Fig. 2 shows the X-ray patterns taken from the
0.5 mm thick strips of all the alloys. For x ¼ 36, 38.2, 40
alloys, the patterns consist solely of very broad amor-
phous diffraction bands; in contrast, a few ‘spikes’ are
detected on the pattern of the Cu66Zr34 strip, indicating
that this alloy is already partially crystallized at 0.5 mm
thickness although the strip still possesses a very large
amorphous fraction as implied by the apparent diffuse
background.
















Fig. 2. X-ray diffraction patterns taken from 0.5 mm strips of
Cu100xZrx (x ¼ 34, 36, 38.2, 40 at.%) with a Bruker AXS diffrac-
tometer using Cu-Ka source.
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Cu66Zr34 has a critical casting thickness less than
0.5 mm, while that of its close neighbor Cu64Zr36 which
differs only by 2% in composition is at least 2 mm.
Further increase in x (from 36 to 38.2 and to 40) brings
down the critical casting thickness. Apparently,
Cu64Zr36 is the best glass former in this series of alloys.
3.2. Electron diffraction
The amorphous structure of the 2 mm thick Cu64Zr36
strip was further confirmed by its electron diffraction
pattern taken from its cross section as shown in Fig. 3.
The pattern is only comprised of a set of diffuse amor-
phous halo rings and no distinct evidence of thin crys-Fig. 3. Electron diffraction pattern taken from the cross section of the 2
mm thick Cu64Zr36 cast strip. Same result across the whole specimen.talline rings was found anywhere across the whole
specimen. This agrees very well with the X-ray diffrac-
tion results.
3.3. Thermal analyses with DSC
Fig. 4 presents the DSC scans of the 0.5 mm thick
strips of Cu60Zr40, Cu61:8Zr38:2, Cu66Zr34, the 2 mm
thick strip and the splat quenched (60 lm thick)
sample of Cu64Zr36 at a heating rate of 0.33 K/s, where
Tg and Tx1 positions are marked with arrows. Each of the
traces exhibits an endothermic event characteristic of the
glass transition and a distinct undercooled liquid region,
followed by one or two exothermic events characteristic
of crystallization processes.
For the two Cu64Zr36 samples, within the measure-
ment error range, there is no significant difference in
their Tg (787 K for the 2 mm strip and 787.5 K for the
splat quenched sample) and Tx1 (833 K for the 2 mm and
835 K for the splat quenched) values, as well as in their
enthalpy of crystallization DHx (60.3 J/g for the 2 mm
and 60.5 J/g for the splat quenched). The nearly identical
DSC traces of the two samples once again confirm the
fully amorphous structure of the 2 mm Cu64Zr36 strip,
which is in good accordance with the X-ray and electron
diffraction results.
The variations of DT ð¼ Tx1  TgÞ and Trgð¼ Tg=TlÞ
with respect to Zr content x in this alloy series are dis-
played in Fig. 5. The reduced glass transition tempera-
tures Trg were calculated using the liquidus temperatures
provided in [11]. One can see these two parameters have
quite similar trends within this series. They both increase
when x changes from 34 to 38.2 and decrease when x
goes from 38.2 to 40, but neither of them assumes a
maximum at x ¼ 36 which corresponds to the best GFA.
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Heating rate = 0.33K/s
Fig. 4. DSC traces of the 0.5 mm thick strips of Cu60Zr40, Cu61:8Zr38:2,
Cu66Zr34, the 2 mm thick strip and the splat quenched (60 lm thick)
sample of Cu64Zr36 at a heating rate of 0.33 K/s. Note that there is no
appreciable difference between the two samples of Cu64Zr36, indicating
the 2 mm thick bulk Cu64Zr36 sample is indeed fully amorphous.
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Fig. 6. Compressive stress vs. strain curve of bulk amorphous Cu64Zr36
2 mm (diameter) 4 mm (height) cylindrical rods, measured with an
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Fig. 5. variations of DT and Trg with respect to Zr content x in alloy
series Cu100xZrx (x ¼ 34, 36, 38.2, 40 at.%).
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reported by Tan et al. [12]. Therefore, solely relying on
these empirical parameters may not be a good choice
especially when fine optimization of glass forming
composition within a certain system is concerned.
3.4. Mechanical properties of bulk amorphous Cu64Zr36
alloy
By using a Leitz microhardness tester, Vicker’s
Hardness of Cu64Zr36 was measured to be 742 kg/
mm2. Compression tests were performed and repeated
on several 2 mm (diameter) 4 mm (height) cylindrical
specimens with Instron machine at a strain rate of
4 104 s1. Fig. 6 shows a typical result of the
compressive stress vs. strain curve. From Fig. 6,
Young’s modulus of Cu64Zr36 was determined to be
92.3 GPa, yielding strength 2 GPa, total strain(mainly elastic) before failure 2.2%. The zigzag signal
at the end of the stress–strain curve and the 45 angle
observed between the fracture surface and the loading
direction both indicate the shear band mode of defor-
mation and fracture.4. Conclusions
The glass forming ability of the binary alloy series
Cu100xZrx (x ¼ 34, 36, 38.2, 40 at.%) has a strong
compositional dependence. The critical casting thickness
(by copper mold casting method) jumps from below 0.5
mm to above 2 mm when x changes from 34 to 36 while
further increase in x reduces the critical casting thick-
ness. The best glass former Cu64Zr36 does not corre-
spond to either the largest undercooled liquid region
(DT ) or the highest reduced glass transition temperature
(Trg). Bulk amorphous Cu64Zr36 has a Tg  787 K,
Trg  0:64, DT  46 K, Hv (Vicker’s Hardness) 742 kg/
mm2, Young’s Modulus 92.3 GPa, compressive frac-
ture strength 2 GPa and compressive strain before
failure 2.2%.Acknowledgements
The authors would like to thank the Defense Ad-
vanced Research Projects Agency, Defense Sciences
Office, for support under ARO Grant No. DAAD19-01-
0525. G. Welsh is also acknowledged for his help with
mechanical tests.References
[1] Klement W, Willens RH, Duwez P. Nature 1960;187:869.
[2] Tanner LE, Ray R. Acta Metall 1979;27:1727.
[3] Leontic B, Lukatela J, Dubcek P, Kokanovic I. Phys Rev Lett
1987;58:1479.
[4] He Y, Schwarz RB, Archuleta JI. Appl Phys Lett 1996;69:1861.
[5] Peker A, Johnson WL. Appl Phys Lett 1993;63:2342.
[6] Inoue A, Zhang T. Mater Trans JIM 1996;37:185.
[7] Inoue A, Nakamura T, Sugita T, Zhang T, Masumoto T. Mater
Trans JIM 1993;34:351.
[8] Inoue A. Acta Mater 2000;48:279.
[9] Inoue A, Zhang W. Mater Trans JIM 2002;43:2924.
[10] Choi-Yim H, Xu DH, Johnson WL. Appl Phys Lett 2003;82:1030.
[11] Massalski TB, editor. Binary alloy phase diagrams. 2nd ed. Metals
Park, OH: ASM international; 1990.
[12] Tan H, Zhang Y, Ma D, Feng YP, Li Y. Acta Mater
2003;51:4551.
